Calixarenes have been shown to induce mesocrystal formation of barium sulfate, despite being relatively low molecular weight additives. Scanning probe microscopy has shown that a possible 10 mechanism is the self-assembling properties of the calixarene resulting in steric stabilization of the nanoparticles, comparable to that typically requiring polymeric additives. Supporting this hypothesis, the calixarenes are effective at concentration of ~0.01 mM, which is significantly lower than other low molecular 15 weight additives known to induce mesocrystal formation, usually via charge stabilisation (zeta potential measurements excluded the charge stabilisation mechanism in the present examples). Based on the typical behaviour of sulfonate and phosphonate derivatives as crystal growth inhibitors, we expected 2 to have a greater inhibitory effect than 1, and this is indeed the case. The 60 phosphonate, 2, is able to inhibit precipitation (involving barium chloride and sodium sulfate at a supersaturation ratio of ~25) completely over a 3 hour time period with as little as 0.013-0.014 mM, whereas even 0.2 mM of 1 only inhibits barium sulfate precipitation by 34% relative to the control (supplementary 65 information, Fig S2) . Introduction of the additives also results in changes in crystal morphology (Fig 1 and supplementary information, Fig. S3 ). Both calixarene additives induce an initial change from the 'pillow' (Fig. 1A) to 'square tablet' like particles, although again 2 is more potent than 1 (supplementary 70 information, Fig. S3 ). As the concentration of calixarene is increased, rod-shaped particles are formed, which become rougher, smaller and flanged at the extremities with increasing concentrations of the additive. Remarkably, dumbbell shaped particles eventually form, which can aggregate together. Larger (4L) batch experiments were performed to obtain solids for bulk characterization; in this case a fibre-like morphology was obtained (Fig. 2) . Both particle shapes (dumbbell and fibre) are comparable to those observed for mesocrystals formed in the presence of di-block co-polymers. 5 The formation of possible 5 mesocrystals in this system is all the more remarkable when the concentration is considered; ~0.01 mM when 2 is present versus ~0.1 mM for the block co-polymers. The most striking differences between the control XRD pattern and that with 2 present (Fig. 2) lies in the changes to relative 15 intensities of specific peaks. The pattern of the product obtained in the presence of 2 reveals that the (002) and (102) reflections display intensities much greater than all other peaks in the pattern. This is characteristic of a strong preferred orientation effect, consistent with the presence of particles with an 20 anisotropic morphology. Line width analysis of multiple peaks in each pattern provided average crystallite sizes of 215 nm for the control sample and 160 nm for the material formed with 2. Transmission electron microscopy (TEM) on ultramicrotomed samples was therefore used to determine the faces present (Fig   25   3 ). The thin sections of particles viewed under the TEM show conclusively that these fibres are made up of smaller particles, and their selected area electron diffraction (SAED) pattern show significant if imperfect alignment, thereby confirming mesocrystal formation. In addition, the indexing of this zone as 35 the (100) (see supplementary information, Fig. S5 ) leads to the conclusion that the fibres are elongated in the (001) direction. Presumably, as found in previous studies, this is due to selective adsorption onto specific faces. 9 Given that calixarene molecules can induce mesocrystal formation, it was necessary to consider 40 how these relatively small molecules can stabilize the nanoparticles to the same extent as block copolymers. 5 The calixarenes used in this work are not surfactants nor do these molecules phase separate or form structures at an oil-water or airwater interface thus negating these as possible mechanisms for 45 mesocrystal formation. Two possibilities appear likely, namely, charge stabilization or self-assembly of the organic moiety at the crystal surface such that it achieves steric stabilization of the particles comparable to that of polymeric additives. The zeta potential of the precipitated barium sulfate in the 50 presence of 2 (0.0134 mM) was measured at -17mV, which, while being slightly negative, it is still within the range of zeta potentials (±30mV) where the system is expected to be unstable and would spontaneously coagulate. 10 Thus, charge stabilization is unlikely to be a factor in barite mesocrystal formation in the 55 presence of 2. Stabilization of some kind must be operating in order to avoid random aggregative processes. We therefore investigated the possibility of the calixarene self-assembly hypothesis via atomic force microscopy (AFM). Atomic resolution imaging of the barium sulfate crystal grown in 60 the presence of the sulfonated calixarene at 26.71 mM (Fig. 4) showed similar spacings to that expected for pure barium sulfate, with the parameters for a unit cell being 9.0 and 5.5 Å (compared to 8.91 and 5.47 Å for pure barite). In the case of the phosphonated calixarene, this is altered significantly in that the distance between the dark ridges is now 12.0 Å while the other axis is 6.2 Å apart. Thus, the surface imaged in the presence of the phosphonated calixarene does not represent pure barium sulfate. The formation of self-assembled 75 bi-layered structures is well established for 1, with the calixarenes in an alternate up-down arrangement with the sulfonate groups equally decorating the surfaces of the bi-layers. 12 Recently, this type of arrangement has been established for 2, 13 at different 1 Simulation of the (001) barium sulfate surface using the isosurfaces functionality in GDIS [11] A B and it is this type of structure that sterically stabilises the nanoparticles during mesocrystal formation. In summary, we note that these calixarenes are small molecules that are not surfactants and that the concentration of calixarene required to induce mesocrystal formation is significantly lower 40 than for other molecules studied thus far: for example, in the case of EDTA 7d ~50 mM is the concentration used. In this instance mesocrystal formation is observed with as little as ~0.01 mM. These results demonstrate the broad potential for non-classical crystallization induced by low molecular weight additives, and 45 highlights that it should not be assumed that small molecules can only act by charge stabilising the nanoparticles prior to selfassembly. Given that small molecules of the type used in the present study can be readily and systematically modified, there is potential for using this approach in gaining control over the 50 formation of mesocrystals, and this is of fundamental importance in ultimately developing their applications.
mechanism is the self-assembling properties of the calixarene resulting in steric stabilization of the nanoparticles, comparable to that typically requiring polymeric additives. Supporting this hypothesis, the calixarenes are effective at concentration of ~0.01 mM, which is significantly lower than other low molecular 15 weight additives known to induce mesocrystal formation, usually via charge stabilisation (zeta potential measurements excluded the charge stabilisation mechanism in the present examples).
Non-classical crystallization involves the assembly of nanoparticles with sufficient order that the resulting mesocrystal 20 is virtually indistinguishable from a single crystal using standard techniques such as powder XRD.
1 This phenomena is regarded as being significant in better understanding biomineralisation processes, where proteins exhibit exquisite control of crystal growth. 2, 3 Synthetic polyelectrolytes, typically block copolymers, 25 have been reported to induce the formation of mesocrystals in a wide range of inorganic systems, with extension to an organic material recently reported. 4 , 5 The impact of a random copolymer, upon the crystallization of calcium carbonate has been studied in detail, with the realisation that single crystals are virtually absent 30 under all of the conditions studied, with non-classical crystallization dominating the system. 6 These results highlight the significance of nanoparticle-mediated crystallization, and suggest that this mechanism of crystal growth may be widespread. An important aspect of the mechanism of formation of mesocrystals 35 is the stabilisation of the nanoparticles so that they have time to aggregate in a non-random fashion. Recent literature highlights that this stabilisation can occur in many different ways, through emulsions/micelle formation, magnetism, and charge stabilisation just to name a few. 7 In fact, for small molecules, the stabilisation 40 mechanism is often simply assumed to be charge stabilisation without further investigation. information, Fig S2) . Introduction of the additives also results in changes in crystal morphology (Fig 1 and supplementary  information, Fig. S3 ). Both calixarene additives induce an initial change from the 'pillow' (Fig. 1A) to 'square tablet' like particles, although again 2 is more potent than 1 (supplementary 70 information, Fig. S3 ). As the concentration of calixarene is increased, rod-shaped particles are formed, which become rougher, smaller and flanged at the extremities with increasing concentrations of the additive. Remarkably, dumbbell shaped particles eventually form, which can aggregate together. Larger (4L) batch experiments were performed to obtain solids for bulk characterization; in this case a fibre-like morphology was obtained (Fig. 2) . Both particle shapes (dumbbell and fibre) are comparable to those observed for mesocrystals formed in the presence of di-block co-polymers. 5 The formation of possible 5 mesocrystals in this system is all the more remarkable when the concentration is considered; ~0.01 mM when 2 is present versus ~0.1 mM for the block co-polymers. The most striking differences between the control XRD pattern and that with 2 present ( S5 ) leads to the conclusion that the fibres are elongated in the (001) direction. Presumably, as found in previous studies, this is due to selective adsorption onto specific faces. 9 Given that calixarene molecules can induce mesocrystal formation, it was necessary to consider 40 how these relatively small molecules can stabilize the nanoparticles to the same extent as block copolymers. 5 The calixarenes used in this work are not surfactants nor do these molecules phase separate or form structures at an oil-water or airwater interface thus negating these as possible mechanisms for 45 mesocrystal formation. Two possibilities appear likely, namely, charge stabilization or self-assembly of the organic moiety at the crystal surface such that it achieves steric stabilization of the particles comparable to that of polymeric additives. The zeta potential of the precipitated barium sulfate in the 50 presence of 2 (0.0134 mM) was measured at -17mV, which, while being slightly negative, it is still within the range of zeta potentials (±30mV) where the system is expected to be unstable and would spontaneously coagulate. 10 Thus, charge stabilization is unlikely to be a factor in barite mesocrystal formation in the 55 presence of 2. Stabilization of some kind must be operating in order to avoid random aggregative processes. We therefore investigated the possibility of the calixarene self-assembly hypothesis via atomic force microscopy (AFM). Atomic resolution imaging of the barium sulfate crystal grown in 60 the presence of the sulfonated calixarene at 26.71 mM (Fig. 4) showed similar spacings to that expected for pure barium sulfate, with the parameters for a unit cell being 9.0 and 5.5 Å (compared to 8.91 and 5.47 Å for pure barite). In the case of the phosphonated calixarene, this is altered significantly in that the distance between the dark ridges is now 12.0 Å while the other axis is 6.2 Å apart. Thus, the surface imaged in the presence of the phosphonated calixarene does not represent pure barium sulfate. The formation of self-assembled 75 bi-layered structures is well established for 1, with the calixarenes in an alternate up-down arrangement with the sulfonate groups equally decorating the surfaces of the bi-layers. 12 Recently, this type of arrangement has been established for 2, 13 at different 1 Simulation of the (001) barium sulfate surface using the isosurfaces functionality in GDIS [11] A B A B degrees of deprotonation of the phosphonic acid groups, with calcium counter ions interposed between bi-layers. 14 Indeed, for the pristine phosphonic acid, association into nano-rafts prevails in solution, presumably with the same interlocking of the cavitands as in the bi-layers in the solid state, 13, 14 which is 5 through hydrogen bonding and π-stacking. Such an arrangement of 2 on the surface of the nanoparticles is possible in the present study, in providing steric stabilization of the nanoparticles for controlled aggregation and formation of the mesocrysals, with the potential for the calixarenes to bind to barium, like in the 10 aforementioned calcium complex. 14 Comparison of the structural data from these complexes shows the metal-free bilayers have unit cells a=b=11.9381 Å and c=14.0678 Å. Thus, the AFM image is consistent with such a structure where the c direction would be normal to the image. However, two factors suggest this 15 is not the case. Firstly, it is unlikely that a purely organic absorbed layer would be robust enough to be imaged in contact mode by AFM. Secondly, the simulated AFM images of the phosphonated bilayer are not consistent with the AFM image obtained (see supplementary information, Fig. S5 ). It is most 20 likely that the AFM image shows an ionic absorbed layer involving the calixarene in combination with barium and/or sulfate ions. The calcium complexes also involve bilayer formation and have lattice parameters that are comparable to the AFM data with one structure having a b axis of ~12.85 Å. 13 The 25 calcium complexes known to form with the phosphonated calixarene were taken and simulated atomic resolution AFM surfaces were constructed (see supplementary information, Fig.  S6 ). These results show that a similar surface structure can be seen particularly for the (001) face of form 2. 13 Noting that we 30 expect the parameters observed in the bulk structures would be somewhat modified for a surface absorbed structure we thus, propose that the AFM image is consistent with barium (and possibly sulfate) ions interacting with the phosphonated calixarene in a bilayer type arrangement on the crystal surface, 35 and it is this type of structure that sterically stabilises the nanoparticles during mesocrystal formation. In summary, we note that these calixarenes are small molecules that are not surfactants and that the concentration of calixarene required to induce mesocrystal formation is significantly lower 40 than for other molecules studied thus far: for example, in the case of EDTA 7d ~50 mM is the concentration used. In this instance mesocrystal formation is observed with as little as ~0.01 mM. These results demonstrate the broad potential for non-classical crystallization induced by low molecular weight additives, and 45 highlights that it should not be assumed that small molecules can only act by charge stabilising the nanoparticles prior to selfassembly. Given that small molecules of the type used in the present study can be readily and systematically modified, there is potential for using this approach in gaining control over the 50 formation of mesocrystals, and this is of fundamental importance in ultimately developing their applications. Samples were collected by filtration onto 0.22 µm membranes. The solids were washed with ultrapure water and dried in a desiccator. Subsequently, a portion of the filter paper was placed onto carbon-coated 5 stub and stored in a desiccator. The samples were gold sputtered prior to viewing in a Philips XL30 scanning electron microscope. Larger, 4 L batches were prepared at ambient temperature and magnetically stirred for 3 hours prior to allowing the solids to settle overnight. The solids were decanted, washed and filtered prior to drying in a dessicator. For TEM, the solids were fixed in resin and then ultramicrotomed into thin sections prior to viewing in a Jeol 2011 TEM at 200kV.
Notes and references
The solids collected from the large 4 L batch were analysed on a Bruker D8 Advance using Cu Ka radiation on a low background holder spinning at 30 rpm. The 2 theta range was 15-50 degrees with a step size 15 of 0.001 ° and a divergence slit of 0.3 °. A LynxEye detector was used.
The zeta potential was measured using the Malvern NanoZeta ZS and a plastic zeta cell on particles in the solution they were formed in, at a phosphonated calixarene concentration of 0.013 mM.
AFM experiments were performed on a PicoPlus using a standard 20 silicon nitride cantilever with a flow-through cell attachment. The same procedure was used for all samples. A freshly cleaved mineralogical barium sulfate sample was fixed to a metallic stub and the flow cell was flushed with filtered ultrapure water (resistivity >18 MΩ cm) using a precision, dual syringe pump run at 0.2 mL/min and Gelman 0.2 µm calixarene at a known concentration and the sodium sulfate solution was topped up as necessary. This was then flushed through the cell at a rate of 0.2mL/min. For atomic resolution images, the pump was stopped and the system allowed to equilibrate while taking images. Unseeded, de-supersaturation curves were obtained using a glass 35 reactor kept at 25°C by a water bath and monitored using a conductivity probe (WTW LF 197 Conductivity meter). An overhead stirrer (150 rpm) kept the solids in suspension. The method of precipitation is the same as described in previous publications S3, S4, S5 and consisted of equilibrating 0.249 mM BaCl2 then adding 1 mol equivalent of Na2SO4 solution to 40 initiate crystallization. The total volume for all experiments was 201 mL. The linear region of the de-supersaturation curve (graph of conductivity versus time) was used to calculate the observed de-supersaturation rate. The pH for all experiments was 6.0 except where specified. The calixarene was prepared as a stock solution of 1000 ppm and the desired 45 volume was added to the barium chloride solution prior to the addition of sulfate (keeping the total volume constant by adjusting the water addition). The de-supersaturation rate was found to have an error of ~10%. The supersaturation in this manuscript is defined such that S= c/co 50 where c is the concentration of the ion and co is the equilibrium solubility concentration. When the ions forming the crystallizing salt are present at 1:1 ratios and the activity of the ions is ~1, this is reasonably accurate. This approximation has been made because we do not know the extent of barium ion complexation with the calixarene molecules in question. The 
where k0 is the de-supersaturation rate, for the control run (absence of impurity) and k is the de-supersaturation rate, for the experiment with 60 impurity present. 
